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ABSTRACT	 ﾠ
Many	 ﾠeukaryotic	 ﾠmembrane	 ﾠproteins	 ﾠhave	 ﾠa	 ﾠsingle	 ﾠC-ﾭ‐terminal	 ﾠtransmembrane	 ﾠ
domain	 ﾠthat	 ﾠanchors	 ﾠthem	 ﾠto	 ﾠa	 ﾠvariety	 ﾠof	 ﾠorganelles	 ﾠin	 ﾠthe	 ﾠsecretory	 ﾠand	 ﾠendocytic	 ﾠ
pathways.	 ﾠThese	 ﾠtail-ﾭ‐anchored	 ﾠ(TA)	 ﾠproteins	 ﾠare	 ﾠpost-ﾭ‐translationally	 ﾠinserted	 ﾠinto	 ﾠ
the	 ﾠendoplasmic	 ﾠreticulum	 ﾠby	 ﾠmolecular	 ﾠmechanisms	 ﾠthat	 ﾠhave	 ﾠlong	 ﾠremained	 ﾠ
mysterious.	 ﾠ	 ﾠThis	 ﾠreview	 ﾠdescribes	 ﾠhow,	 ﾠin	 ﾠjust	 ﾠthe	 ﾠlast	 ﾠfive	 ﾠyears,	 ﾠintense	 ﾠresearch	 ﾠ
by	 ﾠa	 ﾠhandful	 ﾠof	 ﾠlabs	 ﾠhas	 ﾠlead	 ﾠto	 ﾠthe	 ﾠidentification	 ﾠof	 ﾠall	 ﾠthe	 ﾠkey	 ﾠcomponents	 ﾠof	 ﾠone	 ﾠ
such	 ﾠmechanism:	 ﾠthe	 ﾠguided	 ﾠentry	 ﾠof	 ﾠTA	 ﾠproteins	 ﾠ(GET)	 ﾠpathway,	 ﾠwhich	 ﾠis	 ﾠ
conserved	 ﾠfrom	 ﾠyeast	 ﾠto	 ﾠman.	 ﾠThe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠboth	 ﾠsurprisingly	 ﾠcomplicated	 ﾠ
and	 ﾠyet	 ﾠmore	 ﾠexperimentally	 ﾠtractable	 ﾠthan	 ﾠmost	 ﾠother	 ﾠmembrane	 ﾠinsertion	 ﾠ
mechanisms,	 ﾠand	 ﾠis	 ﾠrapidly	 ﾠrevealing	 ﾠnew	 ﾠfundamental	 ﾠconcepts	 ﾠin	 ﾠmembrane	 ﾠ
protein	 ﾠbiogenesis.	 ﾠ 3	 ﾠ
	 ﾠMembrane	 ﾠProtein	 ﾠTargeting	 ﾠto	 ﾠthe	 ﾠEndoplasmic	 ﾠReticulum	 ﾠ
Most	 ﾠintegral	 ﾠproteins	 ﾠare	 ﾠembedded	 ﾠin	 ﾠmembranes	 ﾠby	 ﾠhydrophobic,	 ﾠalpha	 ﾠhelical	 ﾠ
sequences	 ﾠ(~20	 ﾠamino	 ﾠacids	 ﾠlong)	 ﾠcalled	 ﾠtransmembrane	 ﾠdomains	 ﾠ(TMDs).	 ﾠ
Eukaryotic	 ﾠcells	 ﾠhave	 ﾠa	 ﾠvariety	 ﾠof	 ﾠmechanisms	 ﾠthat	 ﾠshield	 ﾠTMDs	 ﾠfrom	 ﾠthe	 ﾠmoment	 ﾠ
they	 ﾠemerge	 ﾠout	 ﾠof	 ﾠthe	 ﾠribosome	 ﾠuntil	 ﾠthey	 ﾠare	 ﾠstably	 ﾠinserted	 ﾠinto	 ﾠthe	 ﾠtarget	 ﾠ
organelle.	 ﾠWhen	 ﾠnormal	 ﾠprotein	 ﾠtargeting	 ﾠis	 ﾠdisrupted,	 ﾠmembrane	 ﾠproteins	 ﾠcan	 ﾠform	 ﾠ
cytosolic	 ﾠprotein	 ﾠaggregates,	 ﾠbecome	 ﾠtargeted	 ﾠto	 ﾠincorrect	 ﾠmembranes,	 ﾠor	 ﾠbe	 ﾠ
prematurely	 ﾠdestroyed	 ﾠby	 ﾠthe	 ﾠproteasome.	 ﾠFor	 ﾠmost	 ﾠmembrane	 ﾠproteins	 ﾠin	 ﾠthe	 ﾠ
secretory	 ﾠpathway,	 ﾠexposure	 ﾠof	 ﾠTMDs	 ﾠto	 ﾠthe	 ﾠcytosol	 ﾠis	 ﾠminimized	 ﾠby	 ﾠa	 ﾠmechanism	 ﾠ
that	 ﾠphysically	 ﾠcouples	 ﾠprotein	 ﾠsynthesis	 ﾠto	 ﾠinsertion	 ﾠinto	 ﾠthe	 ﾠendoplasmic	 ﾠ
reticulum	 ﾠ(ER)	 ﾠmembrane	 ﾠ[1]	 ﾠ(Figure	 ﾠ1).	 ﾠThis	 ﾠis	 ﾠachieved	 ﾠby	 ﾠco-ﾭ‐translational	 ﾠ
recognition	 ﾠof	 ﾠa	 ﾠhydrophobic	 ﾠsequence	 ﾠon	 ﾠthe	 ﾠsubstrate	 ﾠ(either	 ﾠa	 ﾠcleavable	 ﾠsignal	 ﾠ
sequence	 ﾠor	 ﾠthe	 ﾠfirst	 ﾠTMD)	 ﾠ	 ﾠby	 ﾠthe	 ﾠsignal	 ﾠrecognition	 ﾠparticle	 ﾠ(SRP),	 ﾠwhich	 ﾠis	 ﾠdocked	 ﾠ
near	 ﾠthe	 ﾠnascent	 ﾠchain	 ﾠexit	 ﾠtunnel	 ﾠon	 ﾠthe	 ﾠribosome.	 ﾠSignal	 ﾠsequence	 ﾠbinding	 ﾠto	 ﾠthe	 ﾠ
SRP	 ﾠcauses	 ﾠtranslational	 ﾠpausing	 ﾠand	 ﾠenhances	 ﾠrecruitment	 ﾠto	 ﾠthe	 ﾠSRP	 ﾠreceptor	 ﾠin	 ﾠ
the	 ﾠER	 ﾠmembrane.	 ﾠThe	 ﾠribosome	 ﾠand	 ﾠsignal	 ﾠsequence	 ﾠare	 ﾠthen	 ﾠtransferred	 ﾠto	 ﾠthe	 ﾠ
Sec61	 ﾠchannel,	 ﾠprotein	 ﾠsynthesis	 ﾠresumes,	 ﾠand	 ﾠnascent	 ﾠchains	 ﾠtranslocate	 ﾠinto	 ﾠthe	 ﾠ
ER	 ﾠlumen	 ﾠwhile	 ﾠallowing	 ﾠTMDs	 ﾠto	 ﾠpartition	 ﾠinto	 ﾠthe	 ﾠlipid	 ﾠbilayer	 ﾠthrough	 ﾠa	 ﾠlateral	 ﾠ
gate.	 ﾠ	 ﾠ
Approximately	 ﾠ5%	 ﾠof	 ﾠmembrane	 ﾠproteins	 ﾠin	 ﾠthe	 ﾠsecretory	 ﾠpathway	 ﾠhave	 ﾠa	 ﾠsingle	 ﾠ
TMD	 ﾠnear	 ﾠthe	 ﾠC	 ﾠterminus,	 ﾠwhich	 ﾠalso	 ﾠserves	 ﾠas	 ﾠan	 ﾠER	 ﾠmembrane	 ﾠsignal	 ﾠsequence.	 ﾠ
These	 ﾠtail-ﾭ‐anchored	 ﾠ(TA)	 ﾠproteins	 ﾠare	 ﾠfunctionally	 ﾠdiverse	 ﾠand	 ﾠmany	 ﾠare	 ﾠessential.	 ﾠ	 ﾠ 4	 ﾠ
For	 ﾠexample,	 ﾠa	 ﾠlarge	 ﾠfraction	 ﾠof	 ﾠSNAREs	 ﾠ(soluble	 ﾠNSF	 ﾠattachment	 ﾠprotein	 ﾠreceptors,	 ﾠ
which	 ﾠare	 ﾠproteins	 ﾠthat	 ﾠmediate	 ﾠvesicle	 ﾠfusion)	 ﾠare	 ﾠtail-ﾭ‐anchored.	 ﾠHistorically,	 ﾠa	 ﾠkey	 ﾠ
operational	 ﾠproblem	 ﾠof	 ﾠTA	 ﾠprotein	 ﾠbiogenesis	 ﾠwas	 ﾠdefined	 ﾠby	 ﾠthe	 ﾠdiscovery	 ﾠof	 ﾠa	 ﾠ
protein-ﾭ‐assisted	 ﾠmechanism	 ﾠthat	 ﾠcan	 ﾠpost-ﾭ‐translationally	 ﾠinsert	 ﾠTA	 ﾠproteins	 ﾠinto	 ﾠthe	 ﾠ
ER	 ﾠmembrane	 ﾠindependently	 ﾠof	 ﾠSec61	 ﾠ[2].	 ﾠAfter	 ﾠthe	 ﾠidentification	 ﾠof	 ﾠa	 ﾠTA	 ﾠprotein	 ﾠ
targeting	 ﾠfactor	 ﾠ[4,5],	 ﾠa	 ﾠflurry	 ﾠof	 ﾠcomplementary	 ﾠgenetic,	 ﾠbiochemical,	 ﾠand	 ﾠstructural	 ﾠ
studies	 ﾠhave	 ﾠin	 ﾠa	 ﾠshort	 ﾠtime	 ﾠidentified	 ﾠmost,	 ﾠif	 ﾠnot	 ﾠall,	 ﾠof	 ﾠthe	 ﾠcomponents	 ﾠfor	 ﾠa	 ﾠnovel	 ﾠ
protein	 ﾠtargeting	 ﾠpathway	 ﾠ[6,7].	 ﾠThis	 ﾠreview	 ﾠpresents	 ﾠmy	 ﾠsynthetic	 ﾠview	 ﾠof	 ﾠthe	 ﾠ
conserved	 ﾠGET	 ﾠpathway	 ﾠin	 ﾠyeast	 ﾠand	 ﾠmammalian	 ﾠcells	 ﾠ(Figure	 ﾠ1)	 ﾠwith	 ﾠemphasis	 ﾠon	 ﾠ
fundamental	 ﾠmechanistic	 ﾠinsights	 ﾠof	 ﾠgeneral	 ﾠrelevance	 ﾠto	 ﾠmembrane	 ﾠprotein	 ﾠ
targeting	 ﾠand	 ﾠdiscusses	 ﾠthe	 ﾠcritical	 ﾠunanswered	 ﾠquestions	 ﾠin	 ﾠthe	 ﾠfield.	 ﾠ
	 ﾠ
The	 ﾠpre-ﾭ‐targeting	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠ
Yeast	 ﾠ
Entry	 ﾠof	 ﾠnewly	 ﾠsynthesized	 ﾠTA	 ﾠproteins	 ﾠinto	 ﾠthe	 ﾠGET	 ﾠ(guided	 ﾠentry	 ﾠof	 ﾠTA	 ﾠproteins)	 ﾠ
pathway	 ﾠin	 ﾠSaccharomyces	 ﾠcerevisiae	 ﾠbegins	 ﾠwith	 ﾠefficient	 ﾠTMD	 ﾠcapture	 ﾠby	 ﾠSgt2	 ﾠ(a	 ﾠ
small	 ﾠglutamine-ﾭ‐rich	 ﾠtetratricopeptide	 ﾠrepeat-ﾭ‐containing	 ﾠprotein)	 ﾠ[8]	 ﾠ(Figure	 ﾠ2).	 ﾠ
This	 ﾠchaperone	 ﾠshields	 ﾠTMDs	 ﾠafter	 ﾠthey	 ﾠare	 ﾠreleased	 ﾠfrom	 ﾠthe	 ﾠribosome	 ﾠto	 ﾠprevent	 ﾠ
TA	 ﾠprotein	 ﾠaggregation	 ﾠin	 ﾠthe	 ﾠcytosol	 ﾠor	 ﾠmistargeting	 ﾠto	 ﾠmitochondria	 ﾠ[9,10,11].	 ﾠ
Sgt2	 ﾠis	 ﾠin	 ﾠa	 ﾠcomplex	 ﾠwith	 ﾠGet4	 ﾠand	 ﾠGet5,	 ﾠtwo	 ﾠpathway	 ﾠcomponents	 ﾠthat	 ﾠfacilitate	 ﾠTA	 ﾠ
protein	 ﾠtransfer	 ﾠfrom	 ﾠSgt2	 ﾠto	 ﾠGet3,	 ﾠa	 ﾠhomodimeric	 ﾠATPase	 ﾠthat	 ﾠis	 ﾠthe	 ﾠER	 ﾠmembrane	 ﾠ
targeting	 ﾠfactor	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠ[8,11].	 ﾠ	 ﾠThis	 ﾠis	 ﾠachieved	 ﾠby	 ﾠa	 ﾠdual	 ﾠmechanism	 ﾠ	 ﾠ 5	 ﾠ
(Figure	 ﾠ2).	 ﾠFirst,	 ﾠATP	 ﾠstimulates	 ﾠbinding	 ﾠof	 ﾠGet3	 ﾠto	 ﾠGet4	 ﾠ[12,13,14],	 ﾠand	 ﾠthis	 ﾠ
increases	 ﾠthe	 ﾠlocal	 ﾠconcentration	 ﾠof	 ﾠGet3	 ﾠnear	 ﾠTA	 ﾠproteins	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠGet4-ﾭ‐Get5-ﾭ‐
Sgt2	 ﾠbridge	 ﾠ[8].	 ﾠSecond,	 ﾠGet4	 ﾠincreases	 ﾠthe	 ﾠintrinsic	 ﾠrate	 ﾠof	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplex	 ﾠ
formation,	 ﾠmost	 ﾠlikely	 ﾠby	 ﾠmaking	 ﾠthe	 ﾠGet3	 ﾠdimer	 ﾠconformation	 ﾠreceptive	 ﾠfor	 ﾠTMD	 ﾠ
binding	 ﾠ[8]	 ﾠ(Figure	 ﾠ2).	 ﾠThese	 ﾠbiochemical	 ﾠinsights	 ﾠagree	 ﾠwith	 ﾠthe	 ﾠdominant	 ﾠ
structural	 ﾠview	 ﾠof	 ﾠTMD	 ﾠrecognition	 ﾠby	 ﾠGet3	 ﾠ[15]:	 ﾠATP	 ﾠbinding	 ﾠconverts	 ﾠthe	 ﾠGet3	 ﾠ
dimer	 ﾠfrom	 ﾠan	 ﾠopen	 ﾠto	 ﾠa	 ﾠsemi-ﾭ‐closed	 ﾠstate;	 ﾠATP	 ﾠhydrolysis	 ﾠfully	 ﾠcloses	 ﾠthe	 ﾠGet3	 ﾠ
conformation,	 ﾠcreating	 ﾠa	 ﾠcomposite,	 ﾠhydrophobic	 ﾠgroove	 ﾠthat	 ﾠmost	 ﾠlikely	 ﾠcradles	 ﾠthe	 ﾠ
TMD.	 ﾠIn	 ﾠaddition,	 ﾠthere	 ﾠis	 ﾠsome	 ﾠevidence	 ﾠfor	 ﾠa	 ﾠcompeting	 ﾠview	 ﾠthat	 ﾠtail	 ﾠanchors	 ﾠare	 ﾠ
sandwiched	 ﾠinside	 ﾠa	 ﾠtetrameric	 ﾠGet3,	 ﾠwhich	 ﾠhas	 ﾠa	 ﾠhead-ﾭ‐to-ﾭ‐head	 ﾠarrangement	 ﾠof	 ﾠ
hydrophobic	 ﾠgrooves	 ﾠ[16].	 ﾠ	 ﾠRegardless	 ﾠof	 ﾠthe	 ﾠprecise	 ﾠstructural	 ﾠdetails,	 ﾠthe	 ﾠsum	 ﾠof	 ﾠ
biochemical	 ﾠand	 ﾠstructural	 ﾠevidence	 ﾠhas	 ﾠrevealed	 ﾠa	 ﾠsurprisingly	 ﾠelaborate	 ﾠpre-ﾭ‐
targeting	 ﾠmechanism	 ﾠthat	 ﾠfacilitates	 ﾠTMD	 ﾠrecognition	 ﾠby	 ﾠGet3.	 ﾠ
Mammalian	 ﾠ
A	 ﾠsimilar	 ﾠpre-ﾭ‐targeting	 ﾠmechanism	 ﾠis	 ﾠalso	 ﾠrequired	 ﾠfor	 ﾠdelivering	 ﾠmammalian	 ﾠTA	 ﾠ
proteins	 ﾠto	 ﾠTRC40	 ﾠ(the	 ﾠGet3	 ﾠhomolog;	 ﾠoriginally	 ﾠnamed	 ﾠthe	 ﾠ40kDa	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠ
TMD	 ﾠrecognition	 ﾠcomplex).	 ﾠIn	 ﾠthis	 ﾠcase,	 ﾠBag6	 ﾠ(a	 ﾠprotein	 ﾠencoded	 ﾠby	 ﾠBCL2-ﾭ‐
associated	 ﾠathanogene	 ﾠ6,	 ﾠwhich	 ﾠhas	 ﾠno	 ﾠapparent	 ﾠyeast	 ﾠhomolog)	 ﾠcaptures	 ﾠnewly	 ﾠ
synthesized	 ﾠTA	 ﾠproteins	 ﾠ[17,18]	 ﾠas	 ﾠpart	 ﾠof	 ﾠa	 ﾠstable	 ﾠprotein	 ﾠcomplex	 ﾠwith	 ﾠthe	 ﾠ
mammalian	 ﾠGet4	 ﾠand	 ﾠGet5	 ﾠhomologs,	 ﾠTRC35	 ﾠ(C7orf20)	 ﾠand	 ﾠUbl4A,	 ﾠrespectively	 ﾠ
[17,19]	 ﾠ(Figure	 ﾠ3).	 ﾠThe	 ﾠmammalian	 ﾠhomolog	 ﾠof	 ﾠSgt2	 ﾠ(SGTA)	 ﾠalso	 ﾠrecognizes	 ﾠTMDs,	 ﾠ
but	 ﾠit	 ﾠappears	 ﾠto	 ﾠassociate	 ﾠweakly	 ﾠwith	 ﾠBag6	 ﾠ[18,20].	 ﾠRemarkably,	 ﾠeven	 ﾠthough	 ﾠTMD	 ﾠ	 ﾠ 6	 ﾠ
recognition	 ﾠby	 ﾠthe	 ﾠBag6	 ﾠcomplex	 ﾠis	 ﾠpost-ﾭ‐translational,	 ﾠit	 ﾠcan	 ﾠstill	 ﾠoccur	 ﾠon	 ﾠthe	 ﾠ
ribosome	 ﾠ[17].	 ﾠThe	 ﾠprecise	 ﾠmolecular	 ﾠdetails	 ﾠremain	 ﾠto	 ﾠbe	 ﾠworked	 ﾠout,	 ﾠbut	 ﾠin	 ﾠvitro	 ﾠ
nascent	 ﾠTMD	 ﾠsequences	 ﾠinside	 ﾠthe	 ﾠexit	 ﾠtunnel	 ﾠenhance	 ﾠrecruitment	 ﾠof	 ﾠthe	 ﾠBag6	 ﾠ
complex	 ﾠto	 ﾠthe	 ﾠribosome	 ﾠ(Figure	 ﾠ3).	 ﾠMoreover,	 ﾠTMD	 ﾠsynthesis	 ﾠslows	 ﾠdown	 ﾠmRNA	 ﾠ
translation,	 ﾠthus	 ﾠpresumably	 ﾠallowing	 ﾠenough	 ﾠtime	 ﾠfor	 ﾠthe	 ﾠBag6	 ﾠcomplex	 ﾠto	 ﾠbe	 ﾠ
recruited	 ﾠbefore	 ﾠtranslation	 ﾠterminates.	 ﾠMore	 ﾠconcretely,	 ﾠfollowing	 ﾠcompletion	 ﾠof	 ﾠ
proteins	 ﾠsynthesis,	 ﾠTA	 ﾠproteins	 ﾠcan	 ﾠremain	 ﾠribosome-ﾭ‐associated	 ﾠvia	 ﾠthe	 ﾠBag6	 ﾠ
complex	 ﾠand	 ﾠthen	 ﾠget	 ﾠtransferred	 ﾠto	 ﾠTRC40	 ﾠ(Figure	 ﾠ3).	 ﾠIt	 ﾠwould	 ﾠbe	 ﾠsatisfying	 ﾠto	 ﾠfind	 ﾠ
that	 ﾠa	 ﾠconserved	 ﾠmechanism	 ﾠin	 ﾠyeast	 ﾠselectively	 ﾠrecruits	 ﾠSgt2	 ﾠto	 ﾠribosomes	 ﾠwith	 ﾠ
nearly	 ﾠcompleted	 ﾠTA	 ﾠprotein	 ﾠnascent	 ﾠchains.	 ﾠCertainly,	 ﾠthis	 ﾠwould	 ﾠstrengthen	 ﾠthe	 ﾠ
view	 ﾠthat	 ﾠthe	 ﾠvery	 ﾠhydrophobic	 ﾠnature	 ﾠof	 ﾠmost	 ﾠtail	 ﾠanchors	 ﾠnecessitated	 ﾠa	 ﾠ
mechanistic	 ﾠconvergence	 ﾠbetween	 ﾠthe	 ﾠGET	 ﾠand	 ﾠSRP/Sec61	 ﾠpathways,	 ﾠto	 ﾠcreate	 ﾠ
distinct	 ﾠsubstrate	 ﾠchanneling	 ﾠmechanisms	 ﾠthat	 ﾠminimize	 ﾠTMD	 ﾠexposure	 ﾠto	 ﾠthe	 ﾠ
cytosol	 ﾠduring	 ﾠtransit	 ﾠfrom	 ﾠthe	 ﾠribosome	 ﾠto	 ﾠthe	 ﾠER	 ﾠmembrane.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
The	 ﾠmembrane-ﾭ‐associated	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠ	 ﾠ
Yeast	 ﾠ
Historically,	 ﾠthe	 ﾠmembrane	 ﾠrequirements	 ﾠfor	 ﾠTA	 ﾠprotein	 ﾠtargeting	 ﾠand	 ﾠinsertion	 ﾠ
have	 ﾠbeen	 ﾠdifficult	 ﾠto	 ﾠpin	 ﾠdown.	 ﾠA	 ﾠpioneering	 ﾠcell-ﾭ‐free	 ﾠstudy	 ﾠestablished	 ﾠthat	 ﾠ
insertion	 ﾠof	 ﾠa	 ﾠtail-ﾭ‐anchored	 ﾠSNARE	 ﾠprotein	 ﾠinto	 ﾠmammalian	 ﾠmicrosomes	 ﾠ(ER-ﾭ‐	 ﾠ 7	 ﾠ
derived	 ﾠmembranes)	 ﾠwas	 ﾠabolished	 ﾠby	 ﾠprior	 ﾠprotease	 ﾠtreatment	 ﾠof	 ﾠthe	 ﾠmembrane	 ﾠ
[2].	 ﾠSec61	 ﾠwas	 ﾠexcluded	 ﾠas	 ﾠa	 ﾠpossible	 ﾠprotease-ﾭ‐sensitive	 ﾠcandidate	 ﾠbut	 ﾠthe	 ﾠidentities	 ﾠ
of	 ﾠthe	 ﾠrelevant	 ﾠmembrane	 ﾠproteins	 ﾠwere	 ﾠnot	 ﾠestablished.	 ﾠSubsequently,	 ﾠthis	 ﾠpicture	 ﾠ
was	 ﾠcomplicated	 ﾠby	 ﾠthe	 ﾠdiscovery	 ﾠthat	 ﾠcytochrome	 ﾠb5	 ﾠ(Cb5)	 ﾠis	 ﾠa	 ﾠTA	 ﾠprotein	 ﾠthat	 ﾠ
inserts	 ﾠefficiently	 ﾠinto	 ﾠliposomes	 ﾠ(protein-ﾭ‐free	 ﾠlipid	 ﾠbilayers)	 ﾠ[21,22].	 ﾠThis	 ﾠcould	 ﾠbe	 ﾠ
reconciled	 ﾠwith	 ﾠselective	 ﾠCb5	 ﾠtargeting	 ﾠto	 ﾠthe	 ﾠER	 ﾠin	 ﾠvivo	 ﾠbecause	 ﾠsterols	 ﾠblock	 ﾠ
insertion	 ﾠinto	 ﾠliposomes:	 ﾠbecause	 ﾠthe	 ﾠER	 ﾠmembrane	 ﾠhas	 ﾠa	 ﾠrelatively	 ﾠlow	 ﾠsterol	 ﾠ
content	 ﾠcompared	 ﾠto	 ﾠthe	 ﾠother	 ﾠmembranes	 ﾠin	 ﾠthe	 ﾠsecretory	 ﾠand	 ﾠendocytic	 ﾠpathways,	 ﾠ
it	 ﾠshould	 ﾠbe	 ﾠselectively	 ﾠpermissive	 ﾠfor	 ﾠCb5	 ﾠinsertion.	 ﾠThis	 ﾠis,	 ﾠhowever,	 ﾠdifficult	 ﾠto	 ﾠ
test	 ﾠin	 ﾠvivo	 ﾠbecause	 ﾠthe	 ﾠtools	 ﾠfor	 ﾠmanipulation	 ﾠof	 ﾠER	 ﾠlipid	 ﾠcomposition	 ﾠare	 ﾠstill	 ﾠ
rudimentary.	 ﾠ	 ﾠ
With	 ﾠthe	 ﾠbiochemical	 ﾠidentification	 ﾠof	 ﾠTRC40	 ﾠcame	 ﾠthe	 ﾠexciting	 ﾠpossibility	 ﾠof	 ﾠ
using	 ﾠit	 ﾠas	 ﾠa	 ﾠmolecular	 ﾠhandle	 ﾠto	 ﾠidentify	 ﾠthe	 ﾠmissing	 ﾠmembrane	 ﾠcomponents	 ﾠ[23].	 ﾠ
Indeed,	 ﾠGet3	 ﾠhad	 ﾠalready	 ﾠbeen	 ﾠgenetically	 ﾠand	 ﾠphysically	 ﾠlinked	 ﾠto	 ﾠtwo	 ﾠER	 ﾠ
membrane	 ﾠproteins,	 ﾠGet1	 ﾠand	 ﾠGet2	 ﾠ[24,25].	 ﾠIt	 ﾠwas	 ﾠnot	 ﾠlong	 ﾠbefore	 ﾠa	 ﾠpowerful	 ﾠ
combination	 ﾠof	 ﾠyeast	 ﾠgenetics,	 ﾠcell	 ﾠmicroscopy,	 ﾠand	 ﾠcell-ﾭ‐free	 ﾠinsertion	 ﾠassays	 ﾠ
explained	 ﾠthe	 ﾠstrong	 ﾠER	 ﾠselectivity	 ﾠof	 ﾠTA	 ﾠproteins	 ﾠ[26]:	 ﾠmost	 ﾠTA	 ﾠproteins	 ﾠinteract	 ﾠ
with	 ﾠGet3	 ﾠand	 ﾠare	 ﾠtargeted	 ﾠto	 ﾠthe	 ﾠER	 ﾠthrough	 ﾠthe	 ﾠGet3	 ﾠinteraction	 ﾠwith	 ﾠits	 ﾠER	 ﾠ
receptor,	 ﾠGet1/2	 ﾠ(Figure	 ﾠ1).	 ﾠThus,	 ﾠafter	 ﾠsome	 ﾠhistorical	 ﾠuncertainty,	 ﾠthe	 ﾠtargeting	 ﾠof	 ﾠ
most	 ﾠTA	 ﾠproteins	 ﾠfell	 ﾠin	 ﾠline	 ﾠwith	 ﾠthe	 ﾠtenets	 ﾠof	 ﾠthe	 ﾠsignal	 ﾠhypothesis	 ﾠ[27]:	 ﾠa	 ﾠcytosolic	 ﾠ
targeting	 ﾠfactor	 ﾠrecognizes	 ﾠa	 ﾠhydrophobic	 ﾠsignal	 ﾠon	 ﾠthe	 ﾠsubstrate	 ﾠand	 ﾠdelivers	 ﾠit	 ﾠto	 ﾠ
the	 ﾠappropriate	 ﾠmembrane	 ﾠby	 ﾠinteracting	 ﾠwith	 ﾠa	 ﾠreceptor.	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Three	 ﾠrecent	 ﾠstudies	 ﾠof	 ﾠGet1/2	 ﾠinteractions	 ﾠwith	 ﾠGet3	 ﾠhave	 ﾠprovided	 ﾠa	 ﾠclear	 ﾠ
mechanistic	 ﾠinsight	 ﾠinto	 ﾠone	 ﾠof	 ﾠthe	 ﾠleast	 ﾠunderstood	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠsignal	 ﾠhypothesis:	 ﾠ
how	 ﾠthe	 ﾠtargeting	 ﾠfactor	 ﾠlets	 ﾠgo	 ﾠof	 ﾠits	 ﾠsubstrate.	 ﾠGet1	 ﾠand	 ﾠGet2	 ﾠare	 ﾠthree-ﾭ‐pass	 ﾠ
proteins	 ﾠthat	 ﾠinteract	 ﾠvia	 ﾠtheir	 ﾠtransmembrane	 ﾠregions	 ﾠand	 ﾠuse	 ﾠdistinct	 ﾠcytosolic	 ﾠ
domain	 ﾠ(CD)	 ﾠstructures	 ﾠto	 ﾠbind	 ﾠindividually	 ﾠto	 ﾠGet3	 ﾠ[13,28,29].	 ﾠSpecifically,	 ﾠX-ﾭ‐ray	 ﾠ
crystallography	 ﾠrevealed	 ﾠthat	 ﾠthe	 ﾠvery	 ﾠN-ﾭ‐terminal	 ﾠregion	 ﾠof	 ﾠGet2,	 ﾠwhich	 ﾠis	 ﾠpart	 ﾠof	 ﾠan	 ﾠ
otherwise	 ﾠintrinsically	 ﾠdisordered	 ﾠcytosolic	 ﾠregion,	 ﾠforms	 ﾠa	 ﾠcomplex	 ﾠwith	 ﾠa	 ﾠGet3	 ﾠ
dimer	 ﾠthat	 ﾠis	 ﾠstabilized	 ﾠin	 ﾠthe	 ﾠclosed	 ﾠconformation	 ﾠby	 ﾠthe	 ﾠpresence	 ﾠof	 ﾠbound	 ﾠ
nucleotide	 ﾠ[28,29].	 ﾠThis	 ﾠinteraction	 ﾠis	 ﾠmediated	 ﾠby	 ﾠa	 ﾠpair	 ﾠof	 ﾠshort,	 ﾠcharged	 ﾠGet2	 ﾠ
alpha	 ﾠhelices,	 ﾠseparated	 ﾠby	 ﾠa	 ﾠlinker,	 ﾠwhich	 ﾠinteract	 ﾠsymmetrically	 ﾠwith	 ﾠresidues	 ﾠ
largely	 ﾠrestricted	 ﾠto	 ﾠone	 ﾠor	 ﾠthe	 ﾠother	 ﾠsubunit	 ﾠof	 ﾠthe	 ﾠGet3	 ﾠdimer.	 ﾠNotably,	 ﾠGet2	 ﾠ
binding	 ﾠis	 ﾠcompatible	 ﾠwith	 ﾠan	 ﾠassembled	 ﾠhydrophobic	 ﾠgroove	 ﾠon	 ﾠGet3,	 ﾠwhich	 ﾠ
suggests	 ﾠthat	 ﾠGet2	 ﾠcaptures	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplexes	 ﾠfrom	 ﾠthe	 ﾠcytosol	 ﾠwith	 ﾠa	 ﾠ
long-ﾭ‐reaching	 ﾠtether	 ﾠ(Figure	 ﾠ4).	 ﾠThis	 ﾠview	 ﾠalso	 ﾠagrees	 ﾠwith	 ﾠthe	 ﾠconformational	 ﾠstate	 ﾠ
of	 ﾠGet3	 ﾠin	 ﾠthe	 ﾠcrystal	 ﾠstructures	 ﾠof	 ﾠthe	 ﾠGet3-ﾭ‐Get1CD	 ﾠcomplex.	 ﾠIn	 ﾠthose	 ﾠstudies,	 ﾠ
despite	 ﾠinclusion	 ﾠof	 ﾠnucleotide,	 ﾠthe	 ﾠGet3	 ﾠdimer	 ﾠis	 ﾠeither	 ﾠfully	 ﾠor	 ﾠpartially	 ﾠopen	 ﾠand	 ﾠ
lacks	 ﾠnucleotide	 ﾠ[28,29].	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠthe	 ﾠtwo	 ﾠGet1	 ﾠcoiled	 ﾠcoils	 ﾠprogressively	 ﾠ
shuck	 ﾠopen	 ﾠthe	 ﾠGet3	 ﾠdimer	 ﾠand,	 ﾠas	 ﾠa	 ﾠresult,	 ﾠbreak	 ﾠapart	 ﾠthe	 ﾠsubstrate-ﾭ‐binding	 ﾠ
groove	 ﾠand	 ﾠnucleotide-ﾭ‐binding	 ﾠsites	 ﾠ(Figure	 ﾠ4).	 ﾠ	 ﾠ
Biochemical	 ﾠreconstitution	 ﾠexperiments	 ﾠsupport	 ﾠthe	 ﾠsubstrate-ﾭ‐release	 ﾠ
mechanism	 ﾠgleaned	 ﾠfrom	 ﾠthe	 ﾠstructures	 ﾠand	 ﾠfurther	 ﾠdemonstrate	 ﾠthat	 ﾠGet1	 ﾠand	 ﾠGet2	 ﾠ
are	 ﾠthe	 ﾠminimal	 ﾠmembrane	 ﾠmachinery	 ﾠfor	 ﾠTA	 ﾠprotein	 ﾠinsertion	 ﾠ[13,28].	 ﾠNamely,	 ﾠ
Get3	 ﾠcan	 ﾠstill	 ﾠhold	 ﾠits	 ﾠsubstrate	 ﾠwhile	 ﾠinteracting	 ﾠwith	 ﾠGet2’s	 ﾠN-ﾭ‐terminal	 ﾠhelix-ﾭ‐	 ﾠ 9	 ﾠ
linker-ﾭ‐helix	 ﾠmotif,	 ﾠbut	 ﾠGet1CD	 ﾠbinding	 ﾠto	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplexes	 ﾠcauses	 ﾠ
substrate	 ﾠrelease.	 ﾠImportantly,	 ﾠboth	 ﾠin	 ﾠvivo	 ﾠand	 ﾠunder	 ﾠphysiologically	 ﾠrelevant	 ﾠin	 ﾠ
vitro	 ﾠconditions,	 ﾠefficient	 ﾠTA	 ﾠprotein	 ﾠinsertion	 ﾠrequires	 ﾠGet3	 ﾠbinding	 ﾠto	 ﾠboth	 ﾠ
cytosolic	 ﾠdomains	 ﾠof	 ﾠthe	 ﾠGet1/2	 ﾠreceptor.	 ﾠThis	 ﾠis	 ﾠbecause,	 ﾠin	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠthe	 ﾠ
Get2CD	 ﾠtether,	 ﾠthe	 ﾠlocal	 ﾠconcentration	 ﾠof	 ﾠa	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplex	 ﾠnear	 ﾠGet1CD	 ﾠis	 ﾠ
not	 ﾠhigh	 ﾠenough	 ﾠto	 ﾠcause	 ﾠsubstrate	 ﾠrelease.	 ﾠ
Lastly,	 ﾠthe	 ﾠrole	 ﾠof	 ﾠthe	 ﾠGet3	 ﾠATP	 ﾠcycle	 ﾠin	 ﾠcoordinating	 ﾠthe	 ﾠpre-ﾭ‐targeting	 ﾠand	 ﾠ
membrane-ﾭ‐associated	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠslowly	 ﾠcoming	 ﾠinto	 ﾠlight.	 ﾠThere	 ﾠ
are	 ﾠtwo	 ﾠcrucial	 ﾠobservations.	 ﾠFirst,	 ﾠa	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplex	 ﾠformed	 ﾠin	 ﾠthe	 ﾠ
presence	 ﾠof	 ﾠATP	 ﾠhas	 ﾠto	 ﾠundergo	 ﾠhydrolysis	 ﾠbefore	 ﾠTA	 ﾠprotein	 ﾠrelease	 ﾠcan	 ﾠoccur	 ﾠ
[13,28].	 ﾠSecond,	 ﾠATP	 ﾠinduces	 ﾠdissociation	 ﾠof	 ﾠGet3	 ﾠfrom	 ﾠthe	 ﾠmembrane,	 ﾠwhich	 ﾠresets	 ﾠ
the	 ﾠGET	 ﾠpathway	 ﾠto	 ﾠits	 ﾠstarting	 ﾠpoint	 ﾠ[13,28]	 ﾠ(Figure	 ﾠ3).	 ﾠConsistent	 ﾠwith	 ﾠthis	 ﾠlatter	 ﾠ
finding,	 ﾠATP	 ﾠ(but	 ﾠnot	 ﾠADP	 ﾠor	 ﾠAMP)	 ﾠcompetes	 ﾠwith	 ﾠGet1CD	 ﾠfor	 ﾠGet3	 ﾠbinding.	 ﾠThe	 ﾠ
intimate	 ﾠnature	 ﾠof	 ﾠthis	 ﾠcompetition	 ﾠis	 ﾠillustrated	 ﾠby	 ﾠthe	 ﾠconserved	 ﾠloop	 ﾠat	 ﾠthe	 ﾠtip	 ﾠof	 ﾠ
Get1’s	 ﾠcoiled	 ﾠcoil	 ﾠthat	 ﾠextends	 ﾠinto	 ﾠthe	 ﾠnucleotide-ﾭ‐binding	 ﾠpocket	 ﾠof	 ﾠGet3	 ﾠ[28,29].	 ﾠA	 ﾠ
fuller	 ﾠunderstanding	 ﾠof	 ﾠhow	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠpresumably	 ﾠavoids	 ﾠfutile	 ﾠcycles	 ﾠof	 ﾠ
ATP	 ﾠhydrolysis	 ﾠin	 ﾠthe	 ﾠabsence	 ﾠof	 ﾠsubstrate	 ﾠtargeting	 ﾠ(or	 ﾠwhether	 ﾠit	 ﾠuses	 ﾠenergy	 ﾠfor	 ﾠ
substrate	 ﾠproofreading)	 ﾠwill	 ﾠrequire	 ﾠa	 ﾠmore	 ﾠdetailed	 ﾠkinetic	 ﾠanalysis.	 ﾠNonetheless,	 ﾠ
we	 ﾠhave	 ﾠalready	 ﾠreached	 ﾠa	 ﾠgood	 ﾠunderstanding	 ﾠof	 ﾠhow	 ﾠan	 ﾠATPase	 ﾠmolecular	 ﾠswitch	 ﾠ
coordinates	 ﾠthe	 ﾠtargeting	 ﾠand	 ﾠinsertion	 ﾠstages	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway.	 ﾠ
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We	 ﾠknow	 ﾠcomparatively	 ﾠlittle	 ﾠabout	 ﾠhow	 ﾠTRC40	 ﾠdelivers	 ﾠTA	 ﾠproteins	 ﾠto	 ﾠthe	 ﾠER	 ﾠof	 ﾠ
mammalian	 ﾠcells,	 ﾠbut	 ﾠseveral	 ﾠlines	 ﾠof	 ﾠevidence	 ﾠpoint	 ﾠto	 ﾠa	 ﾠconserved	 ﾠmechanism.	 ﾠ
First,	 ﾠWRB	 ﾠ(tryptophan-ﾭ‐rich	 ﾠbasic	 ﾠprotein)	 ﾠhas	 ﾠweak	 ﾠsequence	 ﾠhomology	 ﾠand	 ﾠa	 ﾠ
similar	 ﾠpredicted	 ﾠtopology	 ﾠto	 ﾠGet1	 ﾠ[26].	 ﾠThis	 ﾠprotein	 ﾠlocalizes	 ﾠto	 ﾠthe	 ﾠER	 ﾠmembrane,	 ﾠ
where	 ﾠit	 ﾠfunctions	 ﾠas	 ﾠthe	 ﾠTRC40	 ﾠreceptor	 ﾠ[30].	 ﾠSecond,	 ﾠthe	 ﾠisolated	 ﾠWRB	 ﾠcoiled	 ﾠcoil	 ﾠ
forms	 ﾠa	 ﾠcomplex	 ﾠwith	 ﾠTRC40	 ﾠand	 ﾠinhibits	 ﾠTA	 ﾠprotein	 ﾠinsertion	 ﾠin	 ﾠvitro	 ﾠ[30].	 ﾠThird,	 ﾠ
native	 ﾠmicrosomes	 ﾠrecruit	 ﾠbut	 ﾠfail	 ﾠto	 ﾠinduce	 ﾠsubstrate	 ﾠrelease	 ﾠfrom	 ﾠTRC40-ﾭ‐TA	 ﾠ
protein	 ﾠcomplexes	 ﾠwhen	 ﾠATP	 ﾠhydrolysis	 ﾠis	 ﾠblocked	 ﾠ[4].	 ﾠLast,	 ﾠATP	 ﾠstimulates	 ﾠ
dissociation	 ﾠof	 ﾠTRC40	 ﾠthat	 ﾠco-ﾭ‐purifies	 ﾠwith	 ﾠmicrosomes	 ﾠ[4].	 ﾠ	 ﾠ
An	 ﾠimportant	 ﾠpiece	 ﾠof	 ﾠevidence	 ﾠthat	 ﾠis	 ﾠstill	 ﾠmissing	 ﾠis	 ﾠwhether	 ﾠWRB	 ﾠis	 ﾠ
necessary	 ﾠfor	 ﾠTA	 ﾠprotein	 ﾠbiogenesis	 ﾠin	 ﾠvivo.	 ﾠDeletion	 ﾠof	 ﾠthe	 ﾠGET1	 ﾠgene	 ﾠin	 ﾠyeast	 ﾠcells	 ﾠ
results	 ﾠin	 ﾠcytosolic	 ﾠaggregation	 ﾠor	 ﾠmitochondrial	 ﾠmislocalization	 ﾠof	 ﾠsecretory	 ﾠ
pathway	 ﾠTA	 ﾠproteins	 ﾠ[26].	 ﾠFuture	 ﾠstudies	 ﾠshould	 ﾠestablish	 ﾠif	 ﾠWRB	 ﾠRNAi	 ﾠknockdown	 ﾠ
leads	 ﾠto	 ﾠa	 ﾠsimilar	 ﾠphenotype	 ﾠor	 ﾠif	 ﾠincreased	 ﾠTA	 ﾠprotein	 ﾠdegradation	 ﾠdominates	 ﾠ
under	 ﾠthese	 ﾠconditions	 ﾠ[19,31].	 ﾠFurthermore,	 ﾠthe	 ﾠGet2	 ﾠhomolog	 ﾠremains	 ﾠelusive.	 ﾠ
This	 ﾠis	 ﾠperhaps	 ﾠnot	 ﾠsurprising	 ﾠgiven	 ﾠthat	 ﾠthe	 ﾠmajority	 ﾠof	 ﾠthe	 ﾠGet2	 ﾠcytosolic	 ﾠdomain	 ﾠis	 ﾠ
intrinsically	 ﾠdisordered	 ﾠand	 ﾠpoorly	 ﾠconserved	 ﾠeven	 ﾠamong	 ﾠclosely	 ﾠrelated	 ﾠyeast	 ﾠ
species.	 ﾠThus,	 ﾠthe	 ﾠfunctional	 ﾠrequirements	 ﾠfor	 ﾠthe	 ﾠmammalian	 ﾠequivalent	 ﾠmight	 ﾠbe	 ﾠ
unimposing:	 ﾠa	 ﾠTRC40	 ﾠtether	 ﾠ(ie.,	 ﾠa	 ﾠhelix-ﾭ‐linker-ﾭ‐helix	 ﾠmotif	 ﾠat	 ﾠthe	 ﾠend	 ﾠof	 ﾠan	 ﾠ
intrinsically	 ﾠdisordered	 ﾠcytosolic	 ﾠregion),	 ﾠand	 ﾠtransmembrane	 ﾠdomains	 ﾠthat	 ﾠinteract	 ﾠ
with	 ﾠWRB.	 ﾠMore	 ﾠsophisticated	 ﾠbioinformatic	 ﾠapproaches	 ﾠand	 ﾠpurification	 ﾠof	 ﾠnative	 ﾠ
WRB	 ﾠcomplexes	 ﾠshould	 ﾠfacilitate	 ﾠidentification	 ﾠof	 ﾠmammalian	 ﾠGet2,	 ﾠwhich	 ﾠwould	 ﾠ
nail	 ﾠthe	 ﾠpoint	 ﾠthat	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠconserved	 ﾠfrom	 ﾠbeginning	 ﾠto	 ﾠend.	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Another	 ﾠissue	 ﾠis	 ﾠthe	 ﾠrecent	 ﾠconnection	 ﾠbetween	 ﾠthe	 ﾠmammalian	 ﾠGET	 ﾠ
pathway	 ﾠand	 ﾠER	 ﾠtargeting	 ﾠof	 ﾠsecretory	 ﾠpeptides.	 ﾠ	 ﾠBecause	 ﾠof	 ﾠtheir	 ﾠshort	 ﾠlength	 ﾠ(<100	 ﾠ
amino	 ﾠacids),	 ﾠthese	 ﾠproteins	 ﾠare	 ﾠsynthesized	 ﾠfaster	 ﾠthan	 ﾠthe	 ﾠSRP	 ﾠpathway	 ﾠcan	 ﾠtarget	 ﾠ
them	 ﾠto	 ﾠthe	 ﾠER	 ﾠmembrane,	 ﾠbut	 ﾠthey	 ﾠstill	 ﾠdepend	 ﾠon	 ﾠSec61	 ﾠfor	 ﾠtranslocation	 ﾠinto	 ﾠthe	 ﾠ
ER	 ﾠlumen	 ﾠ[32,33].	 ﾠSurprisingly,	 ﾠTRC40	 ﾠcan	 ﾠrecognize	 ﾠsecretory	 ﾠpeptides	 ﾠin	 ﾠvitro	 ﾠand	 ﾠ
promote	 ﾠtheir	 ﾠER	 ﾠtranslocation	 ﾠby	 ﾠa	 ﾠWRB-ﾭ‐dependent	 ﾠmechanism	 ﾠ[34].	 ﾠThese	 ﾠ
findings	 ﾠraise	 ﾠthe	 ﾠintriguing	 ﾠpossibility	 ﾠthat	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠcan	 ﾠfeed	 ﾠcertain	 ﾠ
substrates	 ﾠto	 ﾠthe	 ﾠSec61	 ﾠchannel.	 ﾠ	 ﾠ
	 ﾠ
Some	 ﾠoutstanding	 ﾠquestions	 ﾠabout	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠ
Is	 ﾠthe	 ﾠribosome	 ﾠa	 ﾠconserved	 ﾠcomponent	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway?	 ﾠ	 ﾠProteomic	 ﾠanalysis	 ﾠ
identified	 ﾠGet5	 ﾠas	 ﾠa	 ﾠribosome-ﾭ‐associated	 ﾠprotein	 ﾠ[35]	 ﾠbut	 ﾠmore	 ﾠdirected	 ﾠbiochemical	 ﾠ
experiments	 ﾠshould	 ﾠestablish	 ﾠif	 ﾠthe	 ﾠyeast	 ﾠGET	 ﾠpathway,	 ﾠlike	 ﾠthe	 ﾠmammalian	 ﾠone,	 ﾠ
also	 ﾠbegins	 ﾠon	 ﾠthe	 ﾠribosome.	 ﾠEvidence	 ﾠfor	 ﾠa	 ﾠconserved	 ﾠribosome	 ﾠsurveillance	 ﾠ
mechanism	 ﾠby	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠwould	 ﾠbe	 ﾠexciting	 ﾠbecause	 ﾠyeast	 ﾠgenetics	 ﾠcould	 ﾠ
then	 ﾠbe	 ﾠused	 ﾠto	 ﾠhunt	 ﾠfor	 ﾠribosomal	 ﾠget	 ﾠmutants.	 ﾠMore	 ﾠconcretely,	 ﾠa	 ﾠmammalian	 ﾠin	 ﾠ
vitro	 ﾠsystem	 ﾠshould	 ﾠbe	 ﾠused	 ﾠto	 ﾠestablish	 ﾠwhether	 ﾠTA	 ﾠproteins	 ﾠare	 ﾠmistargeted	 ﾠwhen	 ﾠ
the	 ﾠconnection	 ﾠbetween	 ﾠthe	 ﾠribosome	 ﾠand	 ﾠthe	 ﾠBag6	 ﾠcomplex	 ﾠis	 ﾠsevered.	 ﾠLastly,	 ﾠ
cryoelectron	 ﾠmicroscopy	 ﾠstudies	 ﾠshould	 ﾠlook	 ﾠfor	 ﾠmeaningful	 ﾠstructural	 ﾠchanges	 ﾠin	 ﾠ
the	 ﾠribosome	 ﾠthat	 ﾠtrack	 ﾠwith	 ﾠthe	 ﾠability	 ﾠof	 ﾠnascent	 ﾠchain	 ﾠsequences	 ﾠin	 ﾠthe	 ﾠexit	 ﾠtunnel	 ﾠ
to	 ﾠgenerate	 ﾠa	 ﾠrecruitment	 ﾠsignal	 ﾠfor	 ﾠthe	 ﾠBag6	 ﾠcomplex.	 ﾠ	 ﾠ 12	 ﾠ
What	 ﾠis	 ﾠthe	 ﾠrole	 ﾠof	 ﾠSgt2/SGTA-ﾭ‐tethered	 ﾠheat	 ﾠshock	 ﾠproteins	 ﾠ(Hsps)?	 ﾠPrior	 ﾠto	 ﾠthe	 ﾠ
discovery	 ﾠthat	 ﾠSGTA	 ﾠdirectly	 ﾠrecognizes	 ﾠtail	 ﾠanchors,	 ﾠmany	 ﾠstudies	 ﾠestablished	 ﾠthat	 ﾠ
it	 ﾠalso	 ﾠco-ﾭ‐chaperones	 ﾠHsp-ﾭ‐mediated	 ﾠprotein	 ﾠfolding	 ﾠof	 ﾠnon-ﾭ‐TA	 ﾠprotein	 ﾠsubstrate	 ﾠ
[36,37,38].	 ﾠThe	 ﾠinteraction	 ﾠbetween	 ﾠSgt2	 ﾠand	 ﾠHsps,	 ﾠhowever,	 ﾠis	 ﾠnot	 ﾠapparently	 ﾠ
crucial	 ﾠfor	 ﾠefficient	 ﾠTA	 ﾠprotein	 ﾠcapture	 ﾠand	 ﾠhandoff	 ﾠ[8,11].	 ﾠNonetheless,	 ﾠa	 ﾠpossible	 ﾠ
connection	 ﾠbetween	 ﾠHsps	 ﾠand	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠmight	 ﾠstill	 ﾠexist.	 ﾠSpecifically,	 ﾠprotein	 ﾠ
localization	 ﾠby	 ﾠfluorescence	 ﾠcell	 ﾠmicroscopy	 ﾠof	 ﾠget1/2	 ﾠmutants	 ﾠrevealed	 ﾠthat	 ﾠGet3	 ﾠis	 ﾠ
recruited	 ﾠto	 ﾠTA	 ﾠprotein	 ﾠaggregates	 ﾠin	 ﾠa	 ﾠGet4/5-ﾭ‐dependent	 ﾠmanner	 ﾠ[39].	 ﾠThus,	 ﾠ
establishing	 ﾠif	 ﾠSgt2/SGTA	 ﾠand/or	 ﾠthe	 ﾠassociated	 ﾠHsps	 ﾠgo	 ﾠafter	 ﾠTA	 ﾠprotein	 ﾠaggregates	 ﾠ
to	 ﾠmaintain	 ﾠprotein	 ﾠhomeostasis	 ﾠis	 ﾠan	 ﾠimportant	 ﾠfuture	 ﾠgoal.	 ﾠ
What	 ﾠis	 ﾠthe	 ﾠmechanism	 ﾠof	 ﾠthe	 ﾠinsertion	 ﾠstep?	 ﾠIt	 ﾠis	 ﾠnot	 ﾠknown	 ﾠhow	 ﾠtail	 ﾠanchors	 ﾠget	 ﾠ
inserted	 ﾠinto	 ﾠthe	 ﾠmembrane	 ﾠafter	 ﾠthey	 ﾠare	 ﾠreleased	 ﾠfrom	 ﾠGet3.	 ﾠOne	 ﾠproposal	 ﾠis	 ﾠthat	 ﾠ
this	 ﾠoccurs	 ﾠspontaneously	 ﾠ[21]	 ﾠ(Figure	 ﾠ5).	 ﾠIn	 ﾠthis	 ﾠview,	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠdone	 ﾠ
with	 ﾠthe	 ﾠtail	 ﾠanchor	 ﾠonce	 ﾠit	 ﾠdeposits	 ﾠit	 ﾠon	 ﾠthe	 ﾠcytosolic	 ﾠsurface	 ﾠof	 ﾠthe	 ﾠER	 ﾠmembrane.	 ﾠ
Indeed,	 ﾠmoderately	 ﾠhydrophobic	 ﾠpeptides	 ﾠspontaneously	 ﾠinsert	 ﾠinto	 ﾠliposomes	 ﾠall	 ﾠ
on	 ﾠtheir	 ﾠown	 ﾠ[40].	 ﾠMost	 ﾠtail	 ﾠanchors	 ﾠare	 ﾠsignificantly	 ﾠmore	 ﾠhydrophobic,	 ﾠhowever,	 ﾠ
which	 ﾠis	 ﾠwhy	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠnecessary	 ﾠto	 ﾠmaintain	 ﾠthem	 ﾠin	 ﾠa	 ﾠsoluble	 ﾠstate	 ﾠand,	 ﾠ
at	 ﾠthe	 ﾠsame	 ﾠtime,	 ﾠconfer	 ﾠselectivity	 ﾠfor	 ﾠthe	 ﾠER	 ﾠmembrane.	 ﾠThus,	 ﾠan	 ﾠalternative	 ﾠ
hypothesis	 ﾠis	 ﾠthat	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠassists	 ﾠthe	 ﾠinsertion	 ﾠstep	 ﾠ[4]	 ﾠ(Figure	 ﾠ5)	 ﾠ
presumably	 ﾠto	 ﾠreduce	 ﾠa	 ﾠkinetic	 ﾠbarrier	 ﾠto	 ﾠspontaneous	 ﾠinsertion.	 ﾠSpontaneous	 ﾠ
insertion	 ﾠmodels	 ﾠfor	 ﾠprotein	 ﾠtargeting	 ﾠpathways	 ﾠare	 ﾠintrinsically	 ﾠdifficult	 ﾠto	 ﾠprove	 ﾠ
and	 ﾠhave	 ﾠhistorically	 ﾠbeen	 ﾠin	 ﾠdecline	 ﾠ[41].	 ﾠFuture	 ﾠstudies	 ﾠof	 ﾠthe	 ﾠstructure	 ﾠand	 ﾠ	 ﾠ 13	 ﾠ
function	 ﾠof	 ﾠGet1/2	 ﾠtransmembrane	 ﾠdomains	 ﾠshould	 ﾠreveal	 ﾠwhether	 ﾠanother	 ﾠ
spontaneous	 ﾠinsertion	 ﾠmodel	 ﾠbites	 ﾠthe	 ﾠdust.	 ﾠ	 ﾠ
	 ﾠ
How	 ﾠwill	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠgrow	 ﾠup?	 ﾠ
The	 ﾠemergence	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠas	 ﾠthe	 ﾠdominant	 ﾠmechanism	 ﾠfor	 ﾠtargeting	 ﾠTA	 ﾠ
proteins	 ﾠto	 ﾠthe	 ﾠER	 ﾠraises	 ﾠa	 ﾠnagging	 ﾠquestion:	 ﾠwhy	 ﾠis	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠnot	 ﾠessential	 ﾠ
in	 ﾠbudding	 ﾠyeast	 ﾠ(nota	 ﾠbene:	 ﾠmice	 ﾠlacking	 ﾠTRC40	 ﾠdie	 ﾠduring	 ﾠearly	 ﾠembryogenesis	 ﾠ
[32])?	 ﾠOne	 ﾠobvious	 ﾠinterpretation	 ﾠis	 ﾠthat	 ﾠother	 ﾠtargeting	 ﾠpathways	 ﾠwork	 ﾠ
redundantly	 ﾠwith	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠto	 ﾠeither	 ﾠhelp	 ﾠcarry	 ﾠthe	 ﾠload,	 ﾠor	 ﾠsplit	 ﾠthe	 ﾠ
clientele.	 ﾠThis	 ﾠcould	 ﾠbe	 ﾠmediated	 ﾠthrough	 ﾠtail	 ﾠanchor	 ﾠinteractions	 ﾠwith	 ﾠthe	 ﾠSRP,	 ﾠ
protein	 ﾠfolding	 ﾠchaperones,	 ﾠand/or	 ﾠcalmodulin,	 ﾠwhich	 ﾠhave	 ﾠall	 ﾠbeen	 ﾠobserved	 ﾠin	 ﾠ
vitro	 ﾠ[33,34].	 ﾠIt	 ﾠhas	 ﾠbeen	 ﾠdifficult,	 ﾠhowever,	 ﾠto	 ﾠmechanistically	 ﾠbuild	 ﾠalternative	 ﾠ
pathways	 ﾠfrom	 ﾠthese	 ﾠobservations	 ﾠor	 ﾠestablish	 ﾠtheir	 ﾠphysiological	 ﾠsignificance.	 ﾠA	 ﾠ
related	 ﾠpossibility	 ﾠis	 ﾠthat	 ﾠget	 ﾠmutants	 ﾠturn	 ﾠon	 ﾠthe	 ﾠheat	 ﾠshock	 ﾠresponse,	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠ
yeast	 ﾠsrp	 ﾠmutants	 ﾠ[35],	 ﾠto	 ﾠcompensate	 ﾠby	 ﾠproviding	 ﾠan	 ﾠinefficient	 ﾠTA	 ﾠprotein	 ﾠ
delivery	 ﾠmechanism	 ﾠto	 ﾠSec61.	 ﾠConversely,	 ﾠdisruption	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠmight	 ﾠ
indirectly	 ﾠperturb	 ﾠother	 ﾠER	 ﾠtargeting	 ﾠpathways	 ﾠ(or	 ﾠmore	 ﾠgenerally,	 ﾠprotein	 ﾠ
homeostasis)	 ﾠby	 ﾠengendering	 ﾠa	 ﾠcompetition	 ﾠbetween	 ﾠTA	 ﾠproteins	 ﾠand	 ﾠother	 ﾠ
hydrophobic	 ﾠsubstrates.	 ﾠRecent	 ﾠtechnological	 ﾠadvances	 ﾠin	 ﾠribosome	 ﾠprofiling	 ﾠ[36]	 ﾠ
point	 ﾠa	 ﾠway	 ﾠout	 ﾠof	 ﾠthis	 ﾠmorass,	 ﾠat	 ﾠleast	 ﾠin	 ﾠmammalian	 ﾠcells.	 ﾠSpecifically,	 ﾠbecause	 ﾠthe	 ﾠ
Bag6	 ﾠcomplex	 ﾠis	 ﾠselectively	 ﾠrecruited	 ﾠto	 ﾠribosomes	 ﾠthat	 ﾠare	 ﾠsynthesizing	 ﾠTA	 ﾠ	 ﾠ 14	 ﾠ
proteins,	 ﾠfootprinting	 ﾠof	 ﾠ‘Bag6-ﾭ‐marked’	 ﾠribosomes	 ﾠshould	 ﾠreveal	 ﾠthe	 ﾠnatural	 ﾠflux	 ﾠof	 ﾠ
substrates	 ﾠthrough	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠin	 ﾠunperturbed	 ﾠcells.	 ﾠ	 ﾠ
Our	 ﾠmechanistic	 ﾠunderstanding	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠhas	 ﾠgotten	 ﾠsophisticated	 ﾠ
over	 ﾠthe	 ﾠpast	 ﾠfive	 ﾠyears.	 ﾠBiochemical	 ﾠreconstitution	 ﾠapproaches	 ﾠcarried	 ﾠout	 ﾠin	 ﾠyeast	 ﾠ
and	 ﾠmammalian	 ﾠcell-ﾭ‐free	 ﾠsystems	 ﾠhave	 ﾠlead	 ﾠto	 ﾠa	 ﾠcoherent	 ﾠview	 ﾠof	 ﾠhow	 ﾠnewly	 ﾠ
synthesized	 ﾠTA	 ﾠproteins	 ﾠhop	 ﾠfrom	 ﾠa	 ﾠpre-ﾭ‐targeting	 ﾠcomplex	 ﾠto	 ﾠGet3	 ﾠor	 ﾠTRC40,	 ﾠ
respectively.	 ﾠIn	 ﾠyeast,	 ﾠwe	 ﾠeven	 ﾠknow	 ﾠthe	 ﾠstructures	 ﾠof	 ﾠmany	 ﾠof	 ﾠthe	 ﾠpre-ﾭ‐targeting	 ﾠ
components	 ﾠand	 ﾠhave	 ﾠa	 ﾠbasic	 ﾠunderstanding	 ﾠof	 ﾠhow	 ﾠthey	 ﾠwork.	 ﾠMore	 ﾠbroadly,	 ﾠ
substrate	 ﾠhandoff	 ﾠbetween	 ﾠtwo	 ﾠchaperones	 ﾠis	 ﾠa	 ﾠrecurring	 ﾠmechanism	 ﾠin	 ﾠbiology.	 ﾠFor	 ﾠ
example,	 ﾠthe	 ﾠfolding	 ﾠof	 ﾠmany	 ﾠregulatory	 ﾠproteins	 ﾠin	 ﾠeukaryotes	 ﾠdepends	 ﾠon	 ﾠtheir	 ﾠ
transfer	 ﾠfrom	 ﾠHsp70	 ﾠto	 ﾠHsp90	 ﾠas	 ﾠpart	 ﾠof	 ﾠa	 ﾠsingle	 ﾠcomplex	 ﾠorganized	 ﾠby	 ﾠa	 ﾠscaffolding	 ﾠ
protein	 ﾠ[37].	 ﾠThe	 ﾠtwo	 ﾠsignificant	 ﾠtechnical	 ﾠchallenges	 ﾠassociated	 ﾠwith	 ﾠstudying	 ﾠthis	 ﾠ
mechanism	 ﾠare	 ﾠthe	 ﾠbiochemically	 ﾠcomplex	 ﾠnature	 ﾠof	 ﾠHsp90	 ﾠand	 ﾠthe	 ﾠpoorly	 ﾠ
characterized	 ﾠand	 ﾠmultivalent	 ﾠhydrophobic	 ﾠepitopes	 ﾠon	 ﾠthe	 ﾠsubstrate.	 ﾠIn	 ﾠ
comparison,	 ﾠthe	 ﾠtail	 ﾠanchor	 ﾠis	 ﾠa	 ﾠwell-ﾭ‐defined	 ﾠsubstrate	 ﾠthat	 ﾠmoves	 ﾠthrough	 ﾠa	 ﾠmore	 ﾠ
elementary	 ﾠchaperone	 ﾠmachine.	 ﾠNonetheless,	 ﾠit	 ﾠis	 ﾠremarkable	 ﾠthat	 ﾠSgt2	 ﾠand	 ﾠGet3	 ﾠdo	 ﾠ
not	 ﾠapparently	 ﾠincur	 ﾠthe	 ﾠenergetic	 ﾠcost	 ﾠof	 ﾠexposing	 ﾠempty	 ﾠsubstrate-ﾭ‐binding	 ﾠsites	 ﾠto	 ﾠ
the	 ﾠcytosol	 ﾠduring	 ﾠsubstrate	 ﾠtransfer.	 ﾠFuture	 ﾠstructural	 ﾠand	 ﾠsingle-ﾭ‐molecule	 ﾠstudies	 ﾠ
of	 ﾠthe	 ﾠrole	 ﾠof	 ﾠGet4/5	 ﾠduring	 ﾠTA	 ﾠprotein	 ﾠhandoff	 ﾠshould	 ﾠextend	 ﾠour	 ﾠunderstanding	 ﾠof	 ﾠ
chaperone	 ﾠtrapeze	 ﾠacts	 ﾠin	 ﾠcell	 ﾠbiology.	 ﾠ
Arguably,	 ﾠthe	 ﾠhardest	 ﾠconceptual	 ﾠproblem	 ﾠin	 ﾠall	 ﾠmembrane	 ﾠinsertion	 ﾠ
pathways	 ﾠis	 ﾠvisualizing	 ﾠTMD	 ﾠinsertion	 ﾠinto	 ﾠthe	 ﾠlipid	 ﾠbilayer	 ﾠ(Box	 ﾠ2).	 ﾠStructural	 ﾠ	 ﾠ 15	 ﾠ
studies	 ﾠof	 ﾠthe	 ﾠSec61	 ﾠtranslocon	 ﾠhave	 ﾠrevealed	 ﾠan	 ﾠelegant	 ﾠsolution	 ﾠto	 ﾠthis:	 ﾠa	 ﾠprotein	 ﾠ
translocation	 ﾠchannel	 ﾠwith	 ﾠa	 ﾠlateral	 ﾠgate	 ﾠ[1].	 ﾠNonetheless,	 ﾠthis	 ﾠinsertion	 ﾠmechanism	 ﾠ
is	 ﾠdifficult	 ﾠto	 ﾠprobe	 ﾠfurther	 ﾠbecause	 ﾠboth	 ﾠSec61	 ﾠand	 ﾠribosome-ﾭ‐associated	 ﾠsubstrates	 ﾠ
are	 ﾠbiochemically	 ﾠcomplex	 ﾠand	 ﾠstaging	 ﾠthe	 ﾠinsertion	 ﾠreaction	 ﾠfor	 ﾠdetailed	 ﾠkinetic	 ﾠ
analysis	 ﾠis	 ﾠchallenging.	 ﾠBy	 ﾠcontrast,	 ﾠthe	 ﾠinsertion	 ﾠstep	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠ
specialized	 ﾠfor	 ﾠinsertion	 ﾠof	 ﾠa	 ﾠsingle	 ﾠhydrophobic	 ﾠepitope	 ﾠwithout	 ﾠcoupling	 ﾠto	 ﾠ
biosynthesis	 ﾠand	 ﾠextensive	 ﾠprotein	 ﾠtranslocation.	 ﾠConsequently,	 ﾠit	 ﾠhas	 ﾠrelatively	 ﾠfew	 ﾠ
moving	 ﾠparts	 ﾠand	 ﾠthey	 ﾠcan	 ﾠall	 ﾠbe	 ﾠmade	 ﾠrecombinantly.	 ﾠStaging	 ﾠwill	 ﾠstill	 ﾠbe	 ﾠa	 ﾠ
challenge	 ﾠbut	 ﾠthe	 ﾠaccessibility	 ﾠof	 ﾠthe	 ﾠTMD	 ﾠC	 ﾠterminus	 ﾠoffers	 ﾠhope	 ﾠthat	 ﾠconditional	 ﾠ
roadblocks	 ﾠcan	 ﾠbe	 ﾠattached	 ﾠto	 ﾠit.	 ﾠAs	 ﾠsuch,	 ﾠstructural	 ﾠand	 ﾠfunctional	 ﾠstudies	 ﾠof	 ﾠthe	 ﾠ
Get1/2	 ﾠcomplex	 ﾠare	 ﾠpromising	 ﾠto	 ﾠmove	 ﾠus	 ﾠone	 ﾠstep	 ﾠcloser	 ﾠtowards	 ﾠa	 ﾠfundamental	 ﾠ
understanding	 ﾠof	 ﾠhow	 ﾠcells	 ﾠexploit	 ﾠchaperones	 ﾠto	 ﾠput	 ﾠtransmembrane	 ﾠdomains	 ﾠinto	 ﾠ
lipid	 ﾠbilayers.	 ﾠ	 ﾠ
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Figure	 ﾠ1.	 ﾠCo-ﾭ‐translational	 ﾠand	 ﾠpost-ﾭ‐translational	 ﾠbiogenesis	 ﾠof	 ﾠER	 ﾠmembrane	 ﾠ
proteins.	 ﾠ	 ﾠ
(1a)	 ﾠSignal	 ﾠsequence	 ﾠ(yellow)	 ﾠor	 ﾠtransmembrane	 ﾠdomain	 ﾠ(not	 ﾠshown)	 ﾠrecognition	 ﾠ
by	 ﾠSRP	 ﾠenables	 ﾠcoupling	 ﾠof	 ﾠprotein	 ﾠtranslation	 ﾠwith	 ﾠtranslocation	 ﾠacross	 ﾠthe	 ﾠER	 ﾠ
membrane.	 ﾠThis	 ﾠis	 ﾠachieved	 ﾠby	 ﾠSRP	 ﾠbinding	 ﾠto	 ﾠthe	 ﾠSRP	 ﾠreceptor,	 ﾠfollowed	 ﾠby	 ﾠ
substrate	 ﾠtransfer	 ﾠfrom	 ﾠSRP	 ﾠto	 ﾠSec61.	 ﾠConsequently,	 ﾠmost	 ﾠtransmembrane	 ﾠdomains	 ﾠ
pass	 ﾠdirectly	 ﾠfrom	 ﾠthe	 ﾠribosome	 ﾠexit	 ﾠtunnel	 ﾠinto	 ﾠthe	 ﾠSec61	 ﾠchannel	 ﾠwithout	 ﾠexposure	 ﾠ
to	 ﾠthe	 ﾠcytosol.	 ﾠSignal	 ﾠsequence	 ﾠcleavage	 ﾠby	 ﾠsignal	 ﾠpeptidase	 ﾠis	 ﾠnot	 ﾠillustrated.	 ﾠ	 ﾠ
(1b)	 ﾠIn	 ﾠboth	 ﾠthe	 ﾠyeast	 ﾠand	 ﾠthe	 ﾠmammalian	 ﾠGET	 ﾠpathways	 ﾠ(generically	 ﾠillustrated	 ﾠto	 ﾠ
emphasize	 ﾠcommonalities	 ﾠbetween	 ﾠthem),	 ﾠrelated	 ﾠpre-ﾭ‐targeting	 ﾠcomplexes	 ﾠmediate	 ﾠ
the	 ﾠtransfer	 ﾠof	 ﾠnewly	 ﾠsynthesized	 ﾠTA	 ﾠproteins	 ﾠfrom	 ﾠthe	 ﾠribosome	 ﾠto	 ﾠa	 ﾠconserved	 ﾠER	 ﾠ
targeting	 ﾠfactor	 ﾠ(Get3	 ﾠin	 ﾠyeast,	 ﾠTRC40	 ﾠin	 ﾠmammals).	 ﾠGet1/2	 ﾠare	 ﾠtwo	 ﾠER	 ﾠmembrane	 ﾠ
proteins	 ﾠthat	 ﾠinteract	 ﾠwith	 ﾠGet3	 ﾠand	 ﾠcomprise	 ﾠthe	 ﾠminimal	 ﾠmembrane	 ﾠinsertion	 ﾠ
machinery	 ﾠfor	 ﾠthe	 ﾠyeast	 ﾠGET	 ﾠpathway.	 ﾠWRB	 ﾠis	 ﾠa	 ﾠmammalian	 ﾠGet1	 ﾠhomolog.	 ﾠ	 ﾠ	 ﾠ
Figure	 ﾠ2.	 ﾠThe	 ﾠpre-ﾭ‐targeting	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠyeast	 ﾠGET	 ﾠpathway.	 ﾠ	 ﾠ
ATP	 ﾠfacilitates	 ﾠthe	 ﾠrelease	 ﾠof	 ﾠGet3	 ﾠfrom	 ﾠthe	 ﾠmembrane.	 ﾠFurther	 ﾠdestabilization	 ﾠof	 ﾠ
membrane	 ﾠassociation	 ﾠprobably	 ﾠcomes	 ﾠfrom	 ﾠcompetitive	 ﾠbinding	 ﾠto	 ﾠthe	 ﾠpre-ﾭ‐
targeting	 ﾠcomplex	 ﾠ(containing	 ﾠGet4,	 ﾠGet5,	 ﾠSgt2,	 ﾠand	 ﾠchaperones)	 ﾠwhich	 ﾠ
preferentially	 ﾠtransfers	 ﾠTA	 ﾠproteins	 ﾠfrom	 ﾠSgt2	 ﾠto	 ﾠATP-ﾭ‐bound	 ﾠGet3	 ﾠ[13].	 ﾠThis	 ﾠcartoon	 ﾠ
interprets	 ﾠthe	 ﾠstimulatory	 ﾠeffect	 ﾠof	 ﾠGet4/5	 ﾠon	 ﾠthe	 ﾠintrinsic	 ﾠrate	 ﾠof	 ﾠsubstrate	 ﾠhandoff	 ﾠ	 ﾠ 21	 ﾠ
[8]	 ﾠas	 ﾠan	 ﾠinduced	 ﾠfit	 ﾠin	 ﾠthe	 ﾠGet3	 ﾠconformation.	 ﾠIt	 ﾠis	 ﾠnot	 ﾠclear	 ﾠif	 ﾠTMD	 ﾠbinding	 ﾠ
promotes	 ﾠATP	 ﾠhydrolysis	 ﾠby	 ﾠGet3,	 ﾠhowever,	 ﾠthe	 ﾠresulting	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplex	 ﾠ
is	 ﾠshown	 ﾠas	 ﾠADP	 ﾠbecause	 ﾠan	 ﾠassembled	 ﾠhydrophobic	 ﾠgroove	 ﾠfor	 ﾠsubstrate	 ﾠbinding	 ﾠ
has	 ﾠonly	 ﾠbeen	 ﾠvisualized	 ﾠin	 ﾠthe	 ﾠpost-ﾭ‐hydrolysis	 ﾠstate	 ﾠ[28,50].	 ﾠFade	 ﾠout	 ﾠof	 ﾠone	 ﾠset	 ﾠof	 ﾠ
Sgt2,	 ﾠGet5,	 ﾠGet4	 ﾠsubunits	 ﾠindicates	 ﾠthat	 ﾠthe	 ﾠprecise	 ﾠstoichiometry	 ﾠof	 ﾠthe	 ﾠpre-ﾭ‐
targeting	 ﾠcomplex	 ﾠis	 ﾠnot	 ﾠknown.	 ﾠFor	 ﾠa	 ﾠmore	 ﾠdetailed	 ﾠdiscussion	 ﾠof	 ﾠhow	 ﾠexisting	 ﾠ
structural	 ﾠdata	 ﾠfit	 ﾠsubstrate	 ﾠhandoff	 ﾠmodels	 ﾠof	 ﾠdifferent	 ﾠstoichiometries	 ﾠthe	 ﾠreader	 ﾠ
is	 ﾠreferred	 ﾠto	 ﾠa	 ﾠrecent	 ﾠreview	 ﾠ[51].	 ﾠThe	 ﾠchaperones	 ﾠbound	 ﾠto	 ﾠthe	 ﾠTPR	 ﾠdomain	 ﾠof	 ﾠSgt2	 ﾠ
are	 ﾠshown	 ﾠas	 ﾠa	 ﾠtransparent	 ﾠoval	 ﾠbecause	 ﾠtheir	 ﾠcontribution	 ﾠto	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠis	 ﾠ
unclear.	 ﾠ	 ﾠ
Figure	 ﾠ3.	 ﾠThe	 ﾠpre-ﾭ‐targeting	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠmammalian	 ﾠGET	 ﾠpathway.	 ﾠ
Bag6	 ﾠ(a	 ﾠmammalian	 ﾠprotein	 ﾠwith	 ﾠno	 ﾠapparent	 ﾠyeast	 ﾠhomolog)	 ﾠscaffolds	 ﾠthe	 ﾠ
formation	 ﾠof	 ﾠa	 ﾠstable	 ﾠternary	 ﾠcomplex	 ﾠwith	 ﾠUbl4a	 ﾠand	 ﾠTRC35	 ﾠ(the	 ﾠmammalian	 ﾠ
homologs	 ﾠof	 ﾠGet5	 ﾠand	 ﾠGet4,	 ﾠrespectively).	 ﾠThe	 ﾠTMD	 ﾠ(yellow)	 ﾠin	 ﾠthe	 ﾠexit	 ﾠtunnel	 ﾠ
somehow	 ﾠrecruits	 ﾠthis	 ﾠcomplex	 ﾠto	 ﾠthe	 ﾠribosome	 ﾠto	 ﾠpresumably	 ﾠminimize	 ﾠcompeting	 ﾠ
off-ﾭ‐GET	 ﾠpathway	 ﾠinteractions.	 ﾠThe	 ﾠBag6	 ﾠcomplex	 ﾠcan	 ﾠhandoff	 ﾠsubstrates	 ﾠto	 ﾠTRC40	 ﾠ
(the	 ﾠmammalian	 ﾠGet3	 ﾠhomolog)	 ﾠwhile	 ﾠstill	 ﾠassociated	 ﾠwith	 ﾠthe	 ﾠribosome.	 ﾠSGTA	 ﾠ(the	 ﾠ
mammalian	 ﾠSgt2	 ﾠhomolog)	 ﾠis	 ﾠshown	 ﾠas	 ﾠa	 ﾠtransparent	 ﾠshape	 ﾠto	 ﾠde-ﾭ‐emphasize	 ﾠits	 ﾠ
role,	 ﾠbut	 ﾠit	 ﾠprobably	 ﾠalso	 ﾠrecognizes	 ﾠnewly	 ﾠsynthesized	 ﾠTA	 ﾠproteins	 ﾠand	 ﾠdelivers	 ﾠ
them	 ﾠto	 ﾠTRC40	 ﾠby	 ﾠdynamically	 ﾠassociating	 ﾠwith	 ﾠthe	 ﾠternary	 ﾠUbl4a-ﾭ‐Bag6-ﾭ‐TRC35	 ﾠ
complex.	 ﾠ	 ﾠ
Figure	 ﾠ4.	 ﾠMembrane-ﾭ‐associated	 ﾠsteps	 ﾠof	 ﾠthe	 ﾠGET	 ﾠpathway	 ﾠin	 ﾠyeast.	 ﾠ	 ﾠ	 ﾠ 22	 ﾠ
The	 ﾠnucleotide	 ﾠstate	 ﾠof	 ﾠthe	 ﾠGet3-ﾭ‐TA	 ﾠprotein	 ﾠcomplex	 ﾠupon	 ﾠencountering	 ﾠthe	 ﾠN-ﾭ‐
terminal	 ﾠhelix-ﾭ‐linker-ﾭ‐helix	 ﾠmotif	 ﾠof	 ﾠGet2	 ﾠis	 ﾠuncertain.	 ﾠFor	 ﾠsimplicity,	 ﾠhowever,	 ﾠit	 ﾠis	 ﾠ
shown	 ﾠas	 ﾠADP	 ﾠbecause	 ﾠATP	 ﾠhydrolysis	 ﾠis	 ﾠrequired	 ﾠfor	 ﾠsubstrate	 ﾠrelease	 ﾠfrom	 ﾠGet3.	 ﾠ
The	 ﾠGet1	 ﾠcoiled	 ﾠcoil	 ﾠforces	 ﾠADP	 ﾠdissociation	 ﾠfrom	 ﾠGet3	 ﾠand	 ﾠforms	 ﾠa	 ﾠstable	 ﾠcomplex	 ﾠ
with	 ﾠan	 ﾠopen	 ﾠGet3	 ﾠdimer	 ﾠlacking	 ﾠnucleotide.	 ﾠThis	 ﾠcartoon	 ﾠillustrates	 ﾠthe	 ﾠlowest	 ﾠ
stoichiometry	 ﾠof	 ﾠGet1/2	 ﾠinteractions	 ﾠconsistent	 ﾠwith	 ﾠbiochemical	 ﾠstudies	 ﾠof	 ﾠ
substrate	 ﾠrelease	 ﾠfrom	 ﾠGet3.	 ﾠThe	 ﾠfact	 ﾠthat	 ﾠthe	 ﾠcytosolic	 ﾠdomains	 ﾠof	 ﾠGet1	 ﾠand	 ﾠGet2	 ﾠby	 ﾠ
themselves	 ﾠform	 ﾠ2:2	 ﾠcomplexes	 ﾠwith	 ﾠthe	 ﾠGet3	 ﾠdimer	 ﾠhas	 ﾠalso	 ﾠlead	 ﾠto	 ﾠmodels	 ﾠwith	 ﾠ
more	 ﾠcomplex	 ﾠstoichiometries	 ﾠthat	 ﾠare	 ﾠdiscussed	 ﾠelsewhere	 ﾠ[7,51,52].	 ﾠ
Figure	 ﾠ5.	 ﾠThree	 ﾠhypothetical	 ﾠmechanisms	 ﾠfor	 ﾠthe	 ﾠinsertion	 ﾠstep	 ﾠof	 ﾠthe	 ﾠGET	 ﾠ
pathway.	 ﾠ	 ﾠ
The	 ﾠ‘channel’	 ﾠand	 ﾠ‘shoehorn’	 ﾠevoke	 ﾠmore	 ﾠor	 ﾠless	 ﾠelaborate	 ﾠmechanisms,	 ﾠ
respectively,	 ﾠby	 ﾠwhich	 ﾠGet1/2	 ﾠ(shown	 ﾠas	 ﾠthe	 ﾠtwo	 ﾠgrey	 ﾠmembrane	 ﾠprotein	 ﾠshapes)	 ﾠ
could	 ﾠbe	 ﾠchaperoning	 ﾠtail	 ﾠanchors	 ﾠ(yellow)	 ﾠinto	 ﾠthe	 ﾠlipid	 ﾠbilayer.	 ﾠAny	 ﾠfuture	 ﾠ
structure/function	 ﾠstudies	 ﾠof	 ﾠGet1/2	 ﾠin	 ﾠsupport	 ﾠof	 ﾠa	 ﾠchaperoned	 ﾠinsertion	 ﾠ
mechanism	 ﾠshould	 ﾠattempt	 ﾠto	 ﾠexplain	 ﾠthe	 ﾠapparent	 ﾠthermodynamic	 ﾠmembrane	 ﾠ
partitioning	 ﾠof	 ﾠthe	 ﾠanchor	 ﾠfollowing	 ﾠrelease	 ﾠfrom	 ﾠTRC40	 ﾠ[54].	 ﾠFor	 ﾠsimplicity,	 ﾠGet3	 ﾠis	 ﾠ
not	 ﾠillustrated,	 ﾠbut	 ﾠit	 ﾠcould	 ﾠalso	 ﾠplay	 ﾠa	 ﾠmore	 ﾠactive	 ﾠrole	 ﾠduring	 ﾠthe	 ﾠinsertion	 ﾠstep.	 ﾠIn	 ﾠ
the	 ﾠ‘spontaneous’	 ﾠmodel,	 ﾠfollowing	 ﾠrelease	 ﾠfrom	 ﾠGet3,	 ﾠthe	 ﾠtail	 ﾠanchor	 ﾠfirst	 ﾠassociates	 ﾠ
with	 ﾠthe	 ﾠcytosolic	 ﾠleaflet	 ﾠof	 ﾠthe	 ﾠER	 ﾠmembrane	 ﾠand	 ﾠthen	 ﾠflips	 ﾠthe	 ﾠC-ﾭ‐terminus	 ﾠacross.	 ﾠ
The	 ﾠthermodynamics	 ﾠof	 ﾠthis	 ﾠkind	 ﾠof	 ﾠmechanism	 ﾠare	 ﾠwell-ﾭ‐established	 ﾠfor	 ﾠmodel	 ﾠ
membrane-ﾭ‐inserting	 ﾠpeptides	 ﾠ[48].	 ﾠ